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Abstract
Calculations of the lifetimes for all experimentally known energy levels of the spectrumof the six
times-ionized krypton (Kr VII) are presented. The relativistic Hartree–Fockmethod including core-
polarization effects were used. The energymatrix was calculated using energy parameters adjusted to
the experimental energy levels.We also present a calculation based on a relativisticmulticonﬁgura-
tional Dirac–Fock approach. For some energy levels, a comparison of these results with the
bibliography datawasmade.
1. Introduction
Six times ionized krypton (Kr VII) belongs to the Zn I isoelectronic sequence. The analysis of the atomic structure
of this ion is important in astrophysical plasma research and recently Kr VI andKr VII lines have been observed in
the ultraviolet spectrumof the hotDO-typewhite dwarf RE 0503-289 [1], in theﬁrst detection of krypton in this
kind of star. Reliablemeasurements and calculations of atomic data are a prerequisite for state-of-the-art non-
local thermodynamic equilibrium stellar-atmospheremodeling (NLTE). ObservedKr V–VII line proﬁles in the
UV spectrumof thewhite dwarf RE 0503−289were simultaneously well reproducedwith newly calculated
oscillator strengths [2]. The energy levelsmeasured byRaineri et al [3]were used toﬁt the parameters of 4s2, 4p2,
4s4d, 4s5d, 4s6d, 4s5s, 4s6s, 4p4f, 4s4p, 4s5p, 4s6p, 4s4f, 4s5f, 4s6f, 4p5s, and 4p4d conﬁgurations in Kr VII. In
thatwork, the spectrumwas recorded in the 300–4800 Åwavelength range, resulting in 115 new classiﬁed lines
and extended the analysis to 38 new energy levels belonging to 4s5s, 4s6s, 4p4f, 4s6d and 4p4d, 4s5p, 4s4f, 4p5s,
4s5f, 4s6p, 4s6f even and odd conﬁgurations, respectively. The authors alsomentioned several discrepancies
between the values onKr VII published in papers byChurilov [4], Raineri et al [5] andCavalcanti et al [6]. In
order to clarify these disagreements they presented a new revised and extended analysis for theKr VII. A critical
compilation of the energy levels and transitions of theKr VII ionwas reported by Saloman [7]. Liang et al [8]
presented calculations of line strengths, oscillator strengths, radiative decay rates and ﬁne structure collision
strengths for 90 lines inKr VII. In their calculations, using the AUTOSTRUCTURE code [9], they included nine
conﬁgurations, i.e., 4s2, 4p2, 4s4d, 4s5s, 4s5d, and 4s4p, 4s4f,4p4d, 4s5p for the even and odd parities,
respectively.
Lifetimes depend on the allowed and forbidden transition probabilities from the corresponding states. The
only experimental results for lifetimes of energy levels for Kr VII was provided by Pinnington et al [10, 11], who
used the beam-foilmethod. They describe two techniques in theirmethods; frommultiexponential curveﬁtting
(d and f in in table 1) and from the arbitrarily normalized decay curve (ANDC) (e and g in table 1)where quoted
errors are standard deviations. Empirical predictions are reported for the lifetimes of the 4s2–4s4p resonance
and intercombination transitions in the Zn isoelectronic sequence [12]. Using conﬁguration interactionwave
functions, Hibbert et al [13] presented lifetime calculations of the 4s4p 3P01 energy level inKr VII. This value is in
excellent agreement with the experiment. They also included core polarization (CP) effects in the calculation.
In the present work, we calculated the lifetimes for all experimentally known energy levels of the Kr VII [3, 7].
Four calculationmethodswere used to obtain the lifetimes of the energy levels. For the ﬁrst threemethods,
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atomic structure theory. The calculations were performed for different sets of conﬁgurations.We also included
CP effects [16]. The fourthmethod is based on amulticonﬁgurational relativistic approach for theDirac
equation (MCDF), as described byGrant using the general relativistic atomic structure package (GRASP) [17].
For some levels we compared the lifetime valueswith experimental results [10, 11].
2. Theory
2.1. TheHartree–Fock (HF)method
In the codes rcn36/rcn2 of theCowan program [14] thewavefunctions are calculated in aHF approximation
with relativistic corrections (HFR). Thewavefunctions are used to calculate amulticonﬁgurational energy
matrix with the code rcg11. Both eigenvalues and eigenvectors of thematrix are functions of the Slater
parameters, i.e., functions of the average conﬁguration energyEav, electrostatic direct F
k and exchangeGk
integrals, effective radial parameterα, conﬁguration interaction integralsRk, and spin–orbit parameters ζnl.We
had used thismethod in several previous papers for example [18, 19]. The values of these parameters were
changed toﬁt the experimental values bymeans of a least-squares calculation.We alsomade the corrections
proposed byKramida [15] in the rcn2 code, in this waywe obtained non-zero values for some conﬁguration-
interaction integrals of the Rydberg series, whichwere zero in the original version of rcn2.
The natural lifetime τ (γJ) is the inverse of transition probability, then:
J A J J, , 1
1åt g g g= ¢ ¢ -( )( ) ( ) ( )
whereA(γJ, γ′j′) is obtained from equations (14.33) and (14.42) of [14].
2.2.HFplus CP
We included theCP effects (see, for example, Curtis [12] andBiémont et al [20]) just by replacing the dipole
integral
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Hereαd is the electric dipole polarizability of the core, and rc is the cut-off radius, which deﬁnes the boundaries
of the atomic core. This is the samemodiﬁcation used byQuinet et al [21] to correct transitionmatrix elements
when includingCP effects. In our case, the radial functionswere obtained from the single conﬁgurationHF
methodwith relativistic corrections, and nomodiﬁcationwas done to includeCP effects in theHamiltonian.
2.3. RelativisticDirac–Fock calculations
TheGRASPpackage solves theDirac equationswithin the framework of relativistic quantum theory [17, 22].
This programoffers energy levels, wavelength, dipole transition rates and lifetimes fromamulticonﬁgurational
relativistic approach. The conﬁguration state functions are a linear combination of Slater determinants
constructed from relativistic (Dirac) orbitals equation (4) of [18].
3. Results and discussions
The results of our four different lifetime calculations are presented in table 1. The experimental energy level
valueswere taken fromRaineri et al [3] and the experimental lifetimes fromPinnington et al [10, 11], who used
the beam-foilmethod.
TheHFR calculationswere performedwith different sets of conﬁgurations. In the ﬁrst one (A), the following
conﬁgurationswere included: 4s2, 4p2, 4s4d, 4d2, 4s5s, 4s5d, 4p4f, 4f2, 4p5p, 4p5f, 4s6s, 4s6d, 3d94s24d and 4s4p,
4p4d, 4s5p, 4s4f, 4s5f, 4p5s, 4p5d, 4s6p, 4s6f, 4d4f, 3d94s24p for even and odd parity respectively, which is the
same set used by Raineri et al [3]. The values of the adjusted parameters used in the present work are also similar
to [3], where the details for the least-squares calculation are explained. The difference is that we considered the
correctionsmade byKramida [15]wherewe obtained non-zero values for some conﬁguration-interaction
integrals of Rydberg series (see point 2.1). These integrals wereR0(4s5d,4s6d),R0(4s5p,4s6p) andR0(4s5f,4s6f)
with values in 605, 819, 458 cm−1, respectively. The change in the electrostatic integrals is expected to be
equivalent to the inclusion of electronic correlation effects of higher order in the ﬁnal values of the energy levels.
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Table 1. Lifetimes of Kr VII levels.
Designation Eexp (cm
−1)a Ecal (cm
−1)b Percentage compositionc Type of calculation Lifetime (ns) Experimental lifetime (ns)
































4p2 3P2 288 190.2 288 172 67 4p




4p2 1D2 279 714.8 279 723 59 4p

















−1)b Percentage compositionc Type of calculation Lifetime (ns) Experimental lifetime (ns)
D 0.118
















4s4d 1D2 379 488.3 379 489 85 4s4d












4p4d 3F2 475 890 475 922 88 4p4d




4p4d 3F3 479 655 479 663 92 4p4d

















−1)b Percentage compositionc Type of calculation Lifetime (ns) Experimental lifetime (ns)
D 1.005
4p4d 3F4 484 543 484 542 92 4p4d




4p4d 1F3 505 076 505 016 36 4p4d




4p4d 3D1 501 542 501 553 65 4p4d




4p4d 3D2 507 934 507 873 62 4p4d




4p4d 3D3 508 473 508 595 70 4p4d




4p4d 1D2 487 650 487 605 87 4p4d








4p4d 3P1 507 446 507 448 66 4p4d




4p4d 3P2 501 769 501 763 52 4p4d

















−1)b Percentage compositionc Type of calculation Lifetime (ns) Experimental lifetime (ns)
D 0.031









4s5p 3P1 493 219 493 242 86 4s5p




4s5p 3P2 495 578.4 495 580 90 4s5p




4s5p 1P1 497 395 497 392 84 4s5p




4s4f 3F2 530 349 530 285 94 4s4f




4s4f 3F3 530 491 530 504 93 4s4f




4s4f 3F4 530 772 530 822 92 4s4f




4s4f 1F3 560 671 560 664 49 4s4f

















−1)b Percentage compositionc Type of calculation Lifetime (ns) Experimental lifetime (ns)
D 0.024























4p5s 3P1 587 029 587 029 84 4p5s








4p5s 1P1 598 281 598 281 79 4p5s





















−1)b Percentage compositionc Type of calculation Lifetime (ns) Experimental lifetime (ns)
D 0.052




















4p4f 3G3 671 908 671 921 47 4p4f




4p4f 3G4 673 646 63 4p4f








4p4f 1G4 671 378 671 351 46 4p4f

















−1)b Percentage compositionc Type of calculation Lifetime (ns) Experimental lifetime (ns)
D 0.118
4p4f 3F2 664 923 665 007 86 4p4f




4p4f 3F3 664 997 664 897 49 4p4f




4p4f 3F4 663 983 664 015 43 4p4f




4p4f 1F3 663 879 53 4p4f








4p4f 3D2 681 681 681 336 65 4p4f




4p4f 3D3 680 086 680 361 89 4p4f




4p4f 1D2 684 941 685 081 54 4p4f





















−1)b Percentage compositionc Type of calculation Lifetime (ns) Experimental lifetime (ns)
D 0.240




























4s6f 3F2 724 718 724 629 78 4s6f




4s6f 3F3 724 826 725 127 69 4s6f

















−1)b Percentage compositionc Type of calculation Lifetime (ns) Experimental lifetime (ns)
D 0.432
4s6f 3F4 725 989 726 069 59 4s6f




4s6f 1F3 719 130 718 791 42 4s6f




a Experimental energy level reported by Raineri [3].
b Calculated energy level values obtained using the ﬁtted energy parameters [3].
c Percentages below 4%have been omitted [3].
d, e Experimental lifetimes reported by Pinnington [10].
f, g Experimental lifetimes reported by Pinnington [11].
A: CalculatedHFR lifetimes values obtained using theﬁtted energy parameters obtained in [3].
B: CalculatedHFR lifetimes values including core polarization effects (CP).
C: CalculatedHFR lifetimes values including core polarization effects (CP) and the 5s2+5p2+5s5p conﬁgurations.












The second calculation (B) is the same as theﬁrst one, except that in this casewe did not consider core
excited conﬁguration, but instead, we took into account CP effects. This inclusion required the knowledge of the
dipole polarizability of the ionic core,αd, and of the cutoff radius, rc. For theﬁrst parameter, we used the value
computed by Fraga et al [23] for theKr8+ ion, i.e.αd=0.209 a0
3, while the cutoff radius, rc, was chosen equal to
0.56, which corresponds to themeanHFR 〈r〉 value of the outermost core orbital 3d10.
The third calculation (C) is the same as the second one including CP effects except that we considered the
valence shell correlation [13] taking into account 5s2, 5p2 and 5s5p conﬁgurations. The least-squares calculation
results for the energy parameters are shown in tables 2 and 3 for the even and odd parities, respectively. For the
even parity, all parameters (Eav, F
2,G0,G2,G4 and spin–orbit)were left free for the known conﬁgurations. In
order to reduce the standard deviation and to obtain parameter values in accordancewith the scaledHF values,
all the conﬁguration–interaction integrals were scaled down at 85%of theirHF values, except for the
corresponding to 4s4d–4f 4p and 5s2–5p2 thatwere heldﬁxed at 75%of theirHF values. For the odd parity, all
parameters (Eav, F
2,G1,G3 and spin–orbit)were left free for the known conﬁgurations except for theG3(4s,6f)
that was heldﬁxed at 85%of theHF value. The 4s4p–4p 4d interaction integral was heldﬁxed at 75%of theirHF
values and those corresponding to 4p4d–4s4f were let free to optimize their values and thenﬁxed for theﬁnal
calculation. The standard deviation for the energy adjustmentwas 155 cm−1 and 158 cm−1 for the even and odd
parities, respectively.
The fourth calculation (D)was the fully relativisticMCDF approach.We used theGRASP [17].
Computationswere carried outwith the extended average level assuming a uniform charge distribution in the
nucleus, with a krypton atomicweight of 83.80.We considered the same numbers and type of conﬁgurations as
in theC calculation. The values presented in this work for lifetimes are in Babushkin gauge since this one, in the
non-relativistic limits (length), has been found to be themost stable value inmany situations, in the sense that it
Table 2.Energy parameters (cm−1) for the studied even parity conﬁgurations in the
calculationC ofKr VII.
Conﬁguration Parameter HF value Fitted value F/HF(a)
4s2 Eav 0.0 7319±158
4p2 Eav 281 386 290 937±90 1.034
F2(4p, 4p) 71 534 61 457±474 0.859
α 0.0 7(FIX)
ζ4p 5484 6021±96 1.098
4s4d Eav 346 026 356 442±82 1.030
ζ4d 403 383 (FIX) 0.950
G2(4s, 4d) 53 495 47 443±523 0.886
4s5s Eav 432 198 442 930±123 1.025
G0(4s, 5s) 6340 5311±111 0.838
4s5d Eav 571 300 581 207±80 1.017
ζ5d 175 166 (FIX) 0.950
G2(4s, 5d) 11 272 9785±469 0.868
4p4f Eav 665 051 676 357±75 1.017
ζ4p 5473 6521±139 1.191
ζ4f 9 9 (FIX) 1.000
F2(4p, 4f) 45 588 44 142±635 0.968
G2(4p, 4f) 37 759 41 680±1006 1.104
G4(4p, 4f) 25 506 28 968±918 1.136
4s6s Eav 607 519 617 504±125 1.016
G0(4s, 6s) 2141 1720±113 0.803
4s6d Eav 675 806 695 134±79 1.028
ζ6d 91 87 (FIX) 0.950
G2(4s, 6d) 4632 3865±463 0.834
Conﬁguration interaction integrals
4s4d–4f 4p R1(4s4d, 4f4p) 65 718 49 288 (FIX) 0.750
5s2–5p2 R1(5s5s, 5p5p) 47 319 35 489(FIX) 0.750
Note. (a)Parameters omitted from this table: direct and exchange integrals, and spin–
orbit parameters set for conﬁgurations that not have known experimental levels, this
values were set to 85%, 85%, and 95%of theirHFR values respectively; CI omitted
integrals were set to 85%of theirHFR values. The standard deviation for energy
adjustment was 155 cm−1.
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converges smoothly asmore correlation is included and it is less sensitive to details of the computationalmethod
[24]. Thismethod takes into account relativistic effects bymeans of amore complete approach thanCowan’s
package, but theHFRmethod takes into account correlation effects in amore complete way. In theHFR+CP
method, not only are correlation effects consideredmore deeply, but CP effects are taken into account in the
lifetime calculations. These concepts are reﬂected in table 1where the calculations for lifetimes of Kr VII
consideringCP effects (B andC) are in general closer to the experimental values [10, 11] than the calculations A
andD. In particular, our calculated lifetime values of the energy levels including CP effects, whichwe compared
with the experimental values of [10, 11], are in better agreementwith the values shown as (e y g) in table 1 than
the other values reported if we consider themaximum error speciﬁed in each case. A technique to remove the
effect of cascade repopulation frombeam-foil lifetimesmeasurements (ANDC)were used in such papers. It is
possible that if the authors had used these corrections for the levels 4s5p 1P1 4s5d
3D1,2,3 our theoretical values
would be closer to the experimental values reported by them.
OurHFR+CP calculated value for the lifetime of the 4s4p 3P1 level is in good agreement with the value
reported byHibbert et al [13]. In some cases, where the calculated values are not in agreementwith the
experimental values as it is for the lifetime of the 4p2 1D2 level and this could be due to themixing of percentage
composition of the levels involved in the calculation [3]. It is noteworthy that in all HFR calculations with and
without CP, we considered optimized values of the energy parameters using least squares techniqueswherewe
adjusted the theoretical values to the experimental ones.
Table 3.Energy parameters (cm−1) for the studied odd parity conﬁgurations in the
calculationC ofKr VII.
Conﬁguration Parameter HF value Fitted value F/HF(a)
4s4p Eav 127 325 137 895+87 1.083
ζ4p 5500 6130±144 1.114
G1(4s, 4p) 93 862 79 316±299 0.845
4p4d Eav 490 335 502 378±55 1.024
ζ4p 5601 6258±120 1.117
ζ4d 413 392 (FIX) 0.950
F2(4p, 4d) 60 639 54 845±513 0.904
G1(4p, 4d) 74 858 65 164±273 0.870
G3(4p, 4d) 46 888 41 677±455 0.889
4s5p Eav 487 599 497 486±94 1.020
ζ5p 1950 2055±141 1.054
G1(4s, 5p) 9827 7661±389 0.779
4s4f Eav 518 166 528 984±108 1.021
ζ4f 8 8 (FIX) 1.000
G3(4s, 4f) 26 286 22 919±1208 0.872
4s5f Eav 646 259 658 081±81 1.018
ζ5f 5 5 (FIX) 1.000
G3(4s,5f) 10 763 10 392±663 0.965
4p5s Eav 581 531 592 396±95 1.019
ζ4p 5803 5938±149 1.023
G1(4p, 5s) 9110 6550±407 0.719
4s6p Eav 634 019 641 988±87 1.012
ζ6p 946 1137±140 1.202
G1(4s, 6p) 3563 3555±322 0.998
4s6f Eav 715 526 723 277±115 1.011
ζ6f 3 3 (FIX) 1.000
G3(4s, 6f) 5365 4560 (FIX) 0.850
Conﬁguration interaction integrals
4s4p–4p 4d R2(4s4p, 4d4p) 61 927 46 445 (FIX) 0.750
4p4d–4s4f R1(4p4d, 4s4f) 64 971 54 967 (FIX) 0.846
4p4d–4s4f R2(4p4d, 4f4s) 43 522 36 846 (FIX) 0.847
Note. (a) F/HFmeans Fitted/Hartree–Fock. Parameters omitted from this table: direct
and exchange integrals, and spin–orbit parameters set for conﬁgurations that not have
known experimental levels, this values were set to 85%, 85%, and 95%of theirHFR
values respectively; CI omitted integrals were set to 85%of theirHFR values. The
standard deviation for energy adjustment was 158 cm−1.
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4. Conclusion
Four different calculations of lifetimes in Kr VII were carried out: A, considering theHFR approach [14]with the
modiﬁcations very recently suggested byKramida [12]; B andC, includingCP effectsHFR+CP [16] andD,
using theGRASP code [17]. Three sets of conﬁgurationswere taken into account in the calculationA, B andC. In
the calculationDwe considered the same set of conﬁgurations as inC. For some energy levels, we compared the
lifetimeswith the experimental values given in the bibliography [10, 11]. Inmost cases theHFR+CP
calculations are in better agreementwith the experimental lifetimes, especially if we consider themaximum
error in each case taking into account theANDC technique, reported in the [10, 11]. The values calculatedwith
theGRASP code (D) are in better accordance with those calculated in the case A, where core excited
conﬁgurationswere included.
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